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ElectrodepositionAbstract The present paper discusses the electrodeposition of nano-Aluminum using aromatic
cation based ionic liquids. Three imidazolium chloride salts were employed, in ultrapure
quality: l-ethyl-3-methyl-imidazolium chloride [EMIm]Cl, l-benzyl-3-methyl-imidazolium chloride
[BzMIm]Cl and l,3-dibenzyl-imidazolium chloride [DBzIm]Cl, respectively. Anhydrous Aluminum
chloride (AlCl3) salt was used as a source of Aluminum ions in the ionic liquids. This research aims
to achieve this goal by investigating the Aluminum coatings on gold substrate and study the effect
of changing the organic cation on the properties of the resulting Al-coatings. SEM-EDAX analyses
were used to determine the film composition. It was found that the particle size of the Al-deposites
was dramatically reduced from the micrometer regime down to the nanometer regime with a change
in the substituents of the imidazolium cations from EMIm to DBzIm, respectively. This means that
the more the aromatic rings in the cation, the finer the particle size. Thickness and adhesion of the
Al-deposits were decreased in the presence of the aromatic rings.
 2015 The Author. Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research
Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Owing to the significant physicochemical characterizations of
aluminum coatings, it is widely used in various applications.
Furthermore, the interest for studying the preparation of pro-
tective aluminum layers has steadily increased during the last
decades as the excellent corrosion performance of aluminum
deposits provides solutions for many chemical and atmo-
spheric problems. For some applications, aluminum acts as alight material in automotive and planes as well as for decora-
tive purposes. Various methods and techniques can be
employed for the electrodeposition of aluminum on various
metals ‘‘mainly on steel” such as metal spraying, hot-
dipping, vacuum deposition and cladding process [1,2]. Many
studies such as inorganic–organic as well as potential alu-
minum plating baths have been subjected to a lot of spectro-
scopic and electrochemical researches including electroplating
of aluminum metal [3], effective electrolytes for molten salt
batteries [4] and investigations of photoelectrochemical cell
[5–8]. On the other hand, electrodeposition of various materi-
als on aluminum and other metallic surfaces using modified
water saving mercy electrochemical cell was reported [9].
Figure 1 Scheme of aluminum electrodeposition in chloroaluminate ionic liquid.
Figure 2 Cyclic voltammogram recorded at Au (111) substrate
in the Lewis acidic AlCl3:EMImCl (3:2 M ratio) ionic liquid at
room temperature. The scan rate was 10 mVs1.
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ionic liquids, which are prepared by the reaction of anhydrous
aluminum chloride salt with a suitable heterocyclic organic
halide, can be carried out at room temperature and the
obtained deposits are usually of good quality, of high purity
and thermally stable. This type of ionic liquids is the simplest
one from which aluminum can be easily electrodeposited. By
changing the molar ratio of this mixture, the electrolyte can
be classified as basic, neutral or acidic [10,11]. A lot of
researches have been done using chloroaluminate based ionic
liquids to get adherent layers of aluminum metal and alloyFigure 3 SEM micrographs of electrodeposited Al films on Au (111
imidazolium chloride (3:2 M ratio) after potentiostatic polarization (Edue to lower melting point, low vapor pressure, corrosion
resistance and good electrical conductivity over a broad range
of components especially at room temperature [12–14]. Hussey
et al. did significant studies for the electrodeposition of alu-
minum metals and alloys in AlCl3/[EMIm]Cl ionic liquids
[15–23]. Endres et al. reported that nano-sized aluminum metal
can be obtained electrochemically in Lewis acidic ionic liquids
consisting of AlCl3 and [EMIm]Cl under galvanostatic condi-
tions by the addition of nicotinic acid [24]. Furthermore, if the
molar ratio of this mixture is in the range of 0.3:1–2:1, the mix-
ture will be viscous and transparent at room temperature [25].
Moreover, Lai discussed the electrochemical mechanism of the
cathodic and anodic reactions of aluminum metal in the same
ionic liquid on glassy carbon at room temperature [26]. The
colored impurities have often a bad contaminating effect on
many ionic liquids which can be a problematic influence for
spectroscopic analysis. Various purification techniques were
studied on the optical quality of the colored ionic liquids under
specific conditions [27,28]. Unique characterizations can also
be obtained in the nanoscale phase of metals and alloys, due
to the small crystallites [29]. The aim of this work is the
electrodeposition of nano-aluminum layer using aryl cation
based ionic liquids. Three chloroaluminate salts were used:
l-ethyl-3-methyl-imidazolium chloride [EMIm]Cl, l-benzyl-3-
methyl-imidazolium chloride [BzMIm]Cl and l,3-dibenzyl-
imidazolium chloride [DBzIm]Cl. The effect of changing the
organic cation on the properties of the resulting Al-coatings
was investigated.
2. Experimental
The following imidazolium salts were employed in ultrapure
quality: l-ethyl-3-methyl-imidazolium chloride [EMIm]Cl
(99.9%, Merck), l-benzyl-3-methyl-imidazolium chloride) substrate in the Lewis acidic ionic liquid AlCl3/1-ethyl-3-methyl
= 0.2 V) for 2 h at room temperature.
Figure 4 EDAX profile for the area shown in the SEM micrograph (Fig. 3).
Figure 5 Simplified scheme for the three prepared Lewis acidic ionic liquids: (a) ([EMIm]AlCl4), (b) [BzMIm]AlCl4) and (c) ([DBzIm]
AlCl4), respectively.
Figure 6 Cyclic voltammogram acquired at Au substrate from
the three Lewis acidic ionic liquids (3:2 M ratio), (a) AlCl3/
EMImCl, (b) AlCl3/BzMImCl and (c) AlCl3/DBzImCl, respec-
tively, after potentiostatic polarization (E= 0.2 V) for 2 h at
room temperature. The scan rate was 10 mVs1.
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chloride [DBzIm]Cl (99.9%, Merck). Anhydrous aluminum
chloride (AlCl3) salt (99.99%, Fluka) was used as a source
of aluminum ions in the ionic liquids. Prior to use, theimidazolium salts were dried under vacuum at 60–70 C for
12 h to remove residual moisture. All preparations and
electroplating procedures were carried out inside an argon-
filled glove box (OMNI-LAB, Vacuum-Atmospheres) con-
nected by VersaStat Potentiostat/Galvanostat (Princeton
Applied Research) controlled by computerized software.
Working electrodes (WE) of Arrandee-gold substrates (200–
300 nm Au thickness deposited on Cr-covered borosilicate
glass) were used. Gold substrates were heated before use in
H2 flame to avoid contaminants on the surface. Highly pure
Al-sheet and Al-wire (99.99%, Alfa) were used as counter
(CE) and reference electrodes (RE), respectively. Al electrodes
were polished, rinsed and dried. The electrochemical cell is a
flat bottom flask. After the electroplating process, the cathode
electrode was removed, cleaned with isopropyl alcohol and
dried carefully. High-resolution scanning electron microscope
(HR-SEM) analysis (DSM 982 Gemini, Carl Zeiss) was used
to investigate the surface of the deposited Al-layers and energy
dispersive X-ray (EDAX) analysis was used to determine the
deposit composition.
3. Results and discussion
Aluminum electrodeposition in the dialkyl imidazolium based
(AlCl3/[EMIm]Cl) ionic liquid was performed as a first step.
This type of liquids is suitable for the electroplating of adher-
ent aluminum metals and alloys. The significant factor of this
Figure 7 SEM micrographs of Al films in the three acidic ionic liquids: (a) AlCl3/EMImCl, (b) AlCl3/BzMImCl, (c) AlCl3/DBzImCl,
a0, b0 and c0 are higher resolution SEM images of the corresponding a, b and c images.
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be varied according to the molar ratio, nAl:n[EMIm]Cl, where
nAl is the moles of AlCl3 existing and n[EMIm]Cl the moles of
imidazolium salt. Excess of AlCl3 over [EMIm]Cl content is
considered Lewis acidic medium because of the existence of
unsaturated Al2Cl

7 species. On the other hand, the excess of
[EMIm]Cl than AlCl3 acts as a basic mixture due to the pres-
ence of free Cl ions.
In general, the mechanism of acid–base reaction of AlCl3/
[EMIm]Cl ionic liquid under ambient conditions can be
described as shown in Eq. (1) [9,10]. In acidic media, Al2Cl7

ion is the only components from which Al metal can bedeposited according to the reaction in Eq. (2). With the excess
of AlCl3 salt, the reaction in Eq. (3) was formed.
2AlCl4 $ Al2Cl7 þ Cl ð1Þ
4Al2Cl

7 þ 3e ! Alþ 7AlCl4 ð2Þ
AlCl4 þAlCl3 ! Al2Cl7 ð3Þ
The electrodeposition of aluminum from such mixtures is
already reported [21]. However, for comparison investigations
it is studied in detail here. Anhydrous AlCl3 salt dissolves well
with [EMIm]Cl salt to a molar content of 60% producing a
Figure 8 Diagram shows the change in thickness of Al deposit
obtained from the three liquids, (a) [BzMIm]AlCl4, (b) [BzMIm]
AlCl4 and (c) [DBzIm]AlCl4, respectively.
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minum can be electrodeposited. Stafford and Hussey have
reported the synthesis and purification of the chloroaluminate
ionic liquid in details [30]. Aluminum electrodeposition was
characterized from the (3:2 M ratio) acidic ionic liquid. At
room temperature, it was observed that aluminum metal can
be easily electrodeposited. The cyclic voltammetry analysis
was studied which helps to understand the Al deposition mech-
anism. Fig. 2 shows the cyclic voltammogram of the Lewis
acidic AlCl3/EMImCl (3:2 M ratio) ionic liquid at room tem-
perature. From the open circuit, the electrode potential was
scanned cathodically with a rate of 10 mVs1 to more negative
values. The bulk deposition of Al starts at a potential of
0.1 V with a sharp increase in the current, where a visible
Al layer is already seen. The current overlap in the forward
scan with that in the reverse scan refers to a nucleation process.
As a common kinetic phenomenon in ionic liquids, broad ano-
dic peak (E0) is recorded on the back scan at a potential of
0.15 V which is related to full stripping of Al deposits [31].
Fig. 3 shows the surface morphology of the Al deposit film
formed on Au (111) substrate at 0.2 V at room temperature
in the dialkyl imidazolium (3:2 M ratio) ionic liquid. SEM
micrograph of Al layer shows the microcrystalline layer with
an average size of 5 lm with a visual dense-porous appearance.
Fig. 4 shows EDAX analysis of the same substrate as shown in
Fig. 3. EDAX spectrum shows only a unique significant peak
of Al. This peak is compatible with the obtained results of
SEM analysis, which clearly show the micrometer crystal size
of Al film.
As a further study, the electrodeposition of Al was dis-
cussed using three substituted-imidazolium based ionic liquids;
1-ethyl-3-methylimidazolium tetrachloroaluminate ([EMIm]
AlCl4), 1-benzyl-3-methylimidazolium tetrachloroaluminate
([BzMIm]AlCl4) and 1,3-dibenzyl imidazolium tetrachloroalu-
minate ([DBzIm]AlCl4) as simplified in Fig. 5. Fig. 6 shows the
cyclic voltammograms on gold substrate of the three
substituted-imidazolium based ionic liquids at room tempera-
ture; [EMIm]AlCl4, [BzMIm]AlCl4 and [DBzIm]AlCl4, respec-
tively. Generally, the cyclic voltammograms of [BzMIm]AlCl4
ionic liquid (Fig. 6b) and [EMIm]AlCl4 ionic liquid (Fig. 6a)
are similar. Meanwhile, this behavior in case of [DBzIm]AlCl4
ionic liquid (Fig. 6c) is different. This performance is attribu-
ted directly to the higher viscosity of the dibenzyl group based
liquid. The dialkyl substituted-imidazolium based ionic liquid
has a lower viscosity value than the two other mixtures
(Fig. 6b and c). Moreover, in the alkyl-aryl system, the elec-
trodeposition potential shifts to lower negative values than in
Fig. 6a owing to the one aryl substituent in the imidazolium
cation. Whereas, the diaryl imidazolium based ionic liquid
(Fig. 6c) has the highest viscosity value than the others, which
shifts the electrodeposition potential to high negative values.
From the cyclic voltammograms of Fig. 6b and c, it showed
two small cathodic peaks (A and B) at potentials 0.52 and
0.03 V and 0.44 and 0.12 V, respectively, which may be related
to the underpotential deposition (UPD) and cluster formation
of Al in the starting of overpotential deposition (OPD) [31].
Also the two peaks are due to the alloying process between
gold and aluminum based on aluminum ion species in the mix-
ture. An overpotential deposition in (Fig. 6b and c) is attribu-
ted to the nucleation form of aluminum film at potentials of
0.1 and 0.006 V with small cathodic step to 0.2 V. The
small wide anodic peaks (C and B) are related to aluminumstripping. There is a direct relationship between features of
B–B0 and C–C0. This significant change with BzMImCl and
DBzImCl is due to the high content of the aryl groups in the
imidazolium cation which increase the resistance of the elec-
troactive species toward the electrode surface, which leads to
inhibiting the redox reaction rate. Furthermore, the diaryl
groups increase the density and viscosity of the liquid than
the others. Finally, the viscosities sequence of the three systems
will be is the following order DBzImCl > BzMImCl >
EMImCl [31,32]. Fig. 7 shows SEM images of Al electrode-
posits from the three mentioned ionic liquids. From the micro-
grams it can be clearly seen that the substitution type of
imidazolium cation affects significantly on the surface mor-
phology of Al deposits: The dialkyl-substituted imidazolium
cation based ionic liquid produced compact and dense Al film
as shown in Fig. 7a. Whereas, one aryl-substituted imidazolium
formed cubic–coarse-shaped microcrystallite (Fig. 7b). Mean-
while, the diaryl-substituted imidazolium produced rod-
shaped nanocrystallites (Fig. 7c). The average thickness of
aluminum films obtained from the three systems a, b and c is
9, 3 and 0.3 lm, respectively, as shown in Fig. 8. This behavior
because of an increase in the viscosity value from a to c,
reduces the deposition rate in the same way. Viscosity is a
major factor in the variation of the surface morphology of
the Al films. On the other hand, the effects of solvation layers
in which the flat aryl groups can stack together that affect the
electrodeposition process. This view may describe the changing
of micro Al deposit to nanocrystallites [13,24].
4. Conclusions
Substituents of imidazolium cation based ionic liquids have the
strongest effect on the characteristics of aluminum deposits.
With the existence of one or two aryl substituents, the particle
size of the Al-deposits was reduced significantly. It is also
clearly seen that the surface morphology of the deposited alu-
minum shows a gradual shift from compact and dense micro-
crystallites to small and thin rod nanocrystallites with
DBzImCl based ionic liquid. On the other hand, the film thick-
ness was reduced from 9 to 0.3 lm in the same trend. This
behavior is due to an increase in the viscosity of the reaction
liquid to high level with an increase in the aryl groups in the
530 A.S. Ismailimidazolium salt, which decrease the electrodeposition rate
and the electroactive species toward the electrode surface
and these factors decrease the crystal size of aluminum film.
This means; the more the aryl groups in the cation, the finer
the crystal size. The thickness and adhesion of the Al layers
decreased with the aryl rings.
Acknowledgment
This work has been performed at Clausthal University of
Technology, Germany.
References
[1] A. Bakkar, V. Neubert, Electrochem. Commun. 51 (2015) 113–
116.
[2] M. Galova, J. Surf. Technol. 11 (1980) 357.
[3] W.H. Sanfranek, W.C. Schickner, C.L. Faust, J. Electrochem.
Soc. 99 (1952) 53.
[4] R.A. Carpio, L.A. King, R.E. Lindstorm, J.C. Nardi, C.
Hussey, J. Electrochem. Soc. 126 (1979) 1644.
[5] P. Singh, R. Singh, K. Rajeshwar, J. DuBow, J. Am. Chem. Soc.
102 (1980) 4676.
[6] P. Singh, K. Rajeshwar, J. Electrochem. Soc. 128 (1981) 1724.
[7] K. Rajeshwar, P. Singh, R. Thapar, J. Electrochem. Soc. 128
(1981) 1750.
[8] R. Thapar, K. Rajeshwar, J. Electrochem. Soc. 129 (1982) 560.
[9] Udofot B J 2010, US20100310903A1.
[10] R.J. Gale, R.A. Osteryoung, Inorg. Chem. 18 (1979) 1603.
[11] J. Robinson, R.A. Osteryoung, J. Electrochem. Soc. 127 (1980)
122.
[12] Y. Zheng, S. Zhang, X. Lu¨, Q. Wang, Y. Zuo, L. Liu, Chin. J.
Chem. Eng. 20 (2012) 130–139.
[13] A. Bakkar, V. Neubert, Electrochem. Acta 103 (2013) 211–218.
[14] C.L. Hussey, G. Mamantov, A.I. Popov, 1994, Eds., VCH
Publication, NY, 227.[15] T. Tsuda, C.L. Hussey, G.R. Stafford, J. Electrochem. Soc. 151
(6) (2004) C379.
[16] T. Tsuda, C.L. Hussey, G.R. Stafford, J.E. Bonevich, J.
Electrochem. Soc. 150 (4) (2003) C234.
[17] T. Tsuda, C.L. Hussey, G.R. Stafford, O. Kongstein, J.
Electrochem. Soc. 151 (7) (2004) C447.
[18] Q. Zhu, C.L. Hussey, G.R. Stafford, J. Electrochem. Soc. 148
(2) (2001) C88.
[19] T. Tsuda, C.L. Hussey, G.R. Stafford, J. Electrochem. Soc. 152
(9) (2005) C620.
[20] T. Jiang, M.J.C. Brym, G. Dube, A. Lasia, G.M. Brisard, J.
Surf. Coat. Techno. 201 (1–2) (2006) 1.
[21] Q.X. Liu, S.Z. El Abedin, F. Endres, J. Surf. Coat. Techno. 201
(3–4) (2006) 1352.
[22] Q. Zhu, C.L. Hussey, J. Electrochem. Soc. 148 (5) (2001) C395.
[23] Q. Zhu, C.L. Hussey, J. Electrochem. Soc. 149 (5) (2002) C268.
[24] F. Endres, M. Bukowski, R. Hempelmann, H. Natter, Angew.
Chem. Int. Ed. 42 (2003) 3428.
[25] D. FIoreani, D. Stech, J. Wilkes, J. Williams, B. Piersma, L.
King, R. Vaughn, Proc. Power Sources Symp. (1982) 30 84.
[26] P.K. Lai, M. Skyllas-Kazacos, J. Electroanal. Chem. 248 (1988)
413.
[27] H.C. Timken, S. Elomari, T.V. Harris, J.N. Ziemer, 2010,
US20100130804A1.
[28] A.K. Burrell, B.P. Warner, T.M. McCleskey, A. Agrawal, 2010,
US7763186B2.
[29] N. Loukine, A. Das, D. Norton, D. Anderson, 2011,
US20110124492A1.
[30] G.R. Stafford, C.L. Hussey, 2002, ‘‘Advances in
Electrochemical Science and Engineering, V.7”, Ed. by R.C.
Alkire, D.M. Kolb, Wiley-VCH Verlag GmbH, Weinheim, GE,
275–281.
[31] O.O. Okoturo, T.J. VanderNoot, J. Electroanal. Chem. 568
(2004) 167.
[32] P.S. Kulkarni, L.C. Branco, J.G. Crespo, M.C. Nunes, A.
Raymundo, C.A.M. Afonso, Chem. Eur. J. 13 (2007) 8484.
